There has been much recent interest in lysophosphatidic acid (LPA) signaling through one of its receptors, LPA 1 , in fibrotic diseases, but the mechanisms by which LPA-LPA 1 signaling promotes pathological fibrosis remain to be fully elucidated. 
Fibrosis characterizes many chronic diseases that result in end-stage organ failure, causing major morbidity and mortality. Fibrosis in many of these diseases appears to result from aberrant or overexuberant wound-healing responses to injury (1) , producing excessive deposition of extracellular matrix. Expansion of the matrix-producing fibroblast pool is a critical component of profibrotic injury responses (2) , but the molecular mediators driving this expansion in vivo have not yet been fully identified. Better identification of these mediators will hopefully identify new therapeutic targets for fibrotic diseases, most of which are refractory to currently available therapies.
Lysophosphatidic acid (LPA) is a bioactive lipid that mediates diverse cellular responses through interactions with specific G-protein-coupled receptors (GPCRs), of which at least 5 have been definitively identified and designated LPA [1] [2] [3] [4] [5] (3) . We and others have recently demonstrated that LPA signaling specifically through LPA 1 is required for the development of fibrosis in several organs (4 -6) , but the mechanisms through which LPA-LPA 1 signaling contributes to fibrosis remain to be fully elucidated. Among its profibrotic activities, LPA-LPA 1 signaling contributes to fibroblast accumulation in pulmonary fibrosis by driving fibroblast migration to sites of lung injury (4) . Although fibroblast migration into the wound matrix is a central step in tissue responses to injury (7) , recent evidence suggests that the proliferation of resident fibroblasts within injured tissues is central to the accumulation of these cells (8) . We now demonstrate that fibroblast proliferation in vivo is dependent on LPA-LPA 1 signaling, in a mouse model of fibrosis not previously shown to require LPA 1 , chlorhexidine gluconate (CG)-induced peritoneal fibrosis (9) . Genetic deletion or pharmacological antagonism of LPA 1 significantly attenuated fibroblast proliferation, as well as the development of fibrosis, in this model.
LPA itself can induce fibroblast proliferation, but this direct effect of LPA in vitro can be mediated by LPA 1 or LPA 2 (10) . We therefore hypothesized that the specific requirement for LPA 1 that we observed for fibroblast proliferation in vivo was attributable to LPA signaling specifically through LPA 1 being required for the expression of fibroblast mitogens after tissue injury other than LPA. Many of the activities induced by LPA, such as cell migration and shape change, result, at least in part, from its potent ability to regulate the actin cytoskeleton through activation of the RhoA-Rho-associated coiled-coil-forming kinase (ROCK) cascade, converting globular actin (G-actin) monomers to filamentous actin (F-actin) polymers (11) . The recent description of a pathway linking actin cytoskeleton reorganization to gene expression provides a potential mechanism through which LPA-LPA 1 signaling could induce fibroblast mitogen expression. In this pathway, polymerization of G-into F-actin liberates myocardin-related transcription factor (MRTF)-A and MRTF-B, which then translocate to the nucleus and markedly augment serum response factor (SRF)-induced gene transcription (12) (13) .
SRF is a MADS box transcription factor that induces the expression of genes by binding to CArG box sequences [CC(A/T) 6 GG] in their promoters (14) . The potent profibrotic mediator connective tissue growth factor (CTGF/CCN2) contains a CArG-like box in its promoter, and SRF has been shown to induce CTGF expression in human endothelial cells (15) . CTGF is highly expressed in multiple fibrotic pathologies (16) and induces fibroblast adhesion, extracellular matrix production, and proliferation (17) . Fibroblastspecific genetic deletion of CTGF was recently shown to markedly attenuate fibrosis and myofibroblast accumulation in the bleomycin model of scleroderma dermal fibrosis (18) , a model that we have found to also be highly dependent on LPA-LPA 1 signaling (5) .
In this work, we investigated the hypotheses that LPA-LPA 1 signaling induces expansion of the fibroblast pool during the development of fibrosis in vivo; that this expansion is driven by LPA-LPA 1 -induced CTGF expression, which then drives fibroblast proliferation; and that this CTGF expression results from LPA-LPA 1 -induced actin polymerization, which liberates MRTF-A and MRTF-B to translocate to the nucleus and augment SRF-dependent transcription. This proposed link between the profibrotic activities of LPA and CTGF connects 2 important mediators that are each being evaluated independently as therapeutic targets for multiple fibrotic diseases.
The disease model we investigated in these studies, peritoneal fibrosis, is an important clinical problem in multiple settings, including postsurgical peritoneal adhesions (19) and peritoneal dialysis (20) , a life-sustaining therapy used by Ͼ100,000 patients with renal failure worldwide, accounting for ϳ10 -15% of the dialysis population (21) . Dialysis solutions that are hyperosmotic, hyperglycemic, and/or acidic can cause repetitive peritoneal injury (22) , producing progressive fibrosis of the submesothelial region that normally consists of a thin layer of connective tissue, with a few scattered fibroblasts, underlying a single-layered mesothelial cell barrier (23) . The development of peritoneal fibrosis can markedly decrease dialysis ultrafiltration capacity and in some patients cause encapsulating peritoneal sclerosis, which is associated with bowel obstruction and mortality rates as high as 38 -56% (20, 24 -25) . Elucidating the role of an LPA-LPA 1 -actin-MRTF-SRF-CTGF pathway will hopefully identify new targets for therapies to treat and/or prevent peritoneal fibrosis in all of the clinical settings in which it occurs. Characterizing this profibrotic pathway also will have the potential to identify new therapeutic targets for fibrotic diseases affecting other organs in which LPA-LPA 1 signaling and/or CTGF has been implicated.
MATERIALS AND METHODS

Reagents and cells
LPA (1-oleoyl-2-hydroxy-sn-glycero-3-phosphate) was purchased from Avanti Polar Lipids (Alabaster, AL, USA) and diluted in Dulbecco's modified Eagle's medium (DMEM; Lonza, Basel, Switzerland) including 0.1% fatty acid-free bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA). AM095 was the kind gift of Amira Pharmaceuticals (San Diego, CA, USA). Sodium pyruvate, NEAA mixture, and penicillin/ streptomycin were obtained from Lonza. l-glutamine was from Cellgro (Manassas, VA, USA). Y27632, pertussis toxin, cycloheximide, and DMSO were from Sigma-Aldrich. Latrunculin B was from Invitrogen (Grand Island, NY, USA). CCG-1423 was from Cayman Chemical (Ann Arbor, MI, USA). Permeable C3 toxin was from Cytoskeleton (Denver, CO, USA). Recombinant TGF-␤ 1 , monoclonal anti-TGF-␤ 1 , -␤ 2 , and -␤ 3 neutralizing antibody (1D11), and normal rabbit IgG were from R&D Systems (Minneapolis, MN, USA). NIH3T3 fibroblasts were purchased from American Type Culture Collection (Manassas, VA, USA).
Mice
We purchased C57Bl/6 mice from the National Cancer Institute (NCI)-Frederick Mouse Repository (Frederick, MD, USA). Experiments comparing LPA 1 -knockout (KO) and wild-type (WT) mice used offspring of mice heterozygous for the LPA 1 mutant allele, which were hybrids of the C57Bl/6 and 129Sv/J genetic backgrounds (kindly provided by Dr. Jerold Chun, Scripps Research Institute, La Jolla, CA, USA; ref. 26 ). Experiments to identify fibroblasts used type I collagen (COLI)-green fluorescent protein (GFP) transgenic mice generated on the C57Bl/6 background (kindly provided by Dr. Jeremy Duffield, University of Washington, Seattle, WA, USA; ref. 27) . All experiments used sex-and weight-matched mice at 6 -10 wk of age maintained in specific pathogen-free environments and were performed in accordance with U.S. National Institutes of Health (NIH) guidelines and protocols approved by the Massachusetts General Hospital Institutional Animal Care and Use Committee.
Peritoneal fibrosis model
Peritoneal fibrosis was induced by intraperitoneal injection of 0.1% CG (Wako Pure Chemical Industries, Osaka, Japan) dissolved in 15% ethanol/phosphate buffered saline (PBS). CG was injected every other day over a period of 21 d.
Histology and peritoneal thickness measurement
A sample of peritoneal tissue from each mouse was fixed in 10% buffered formalin (pH 7.2) and embedded in paraffin. We then stained 5-m sections with Masson's trichrome according to our standard protocol (4). Peritoneal thickness was measured from the junction of the parietal peritoneum with the musculature of the abdominal wall to the serosal surface of the parietal peritoneum, as described previously (9), on photomicrographs (ϫ200) of Masson's trichromestained sections at 5 randomly selected sites per high-power field (HPF) per section.
Hydroxyproline assay
Two pieces of peritoneal samples were taken by 6-mm punch biopsy apparatus (Acuderm, Fort Lauderdale, FL, USA) from each mouse to assess peritoneal collagen, measured by its hydroxyproline content as determined by the standard protocol of our laboratory (28) . Assay results were expressed as micrograms of hydroxyproline per piece.
RNA analyses
Total cellular RNA was isolated from primary cells using RNeasy Mini Kits (Qiagen, Valencia, CA, USA). Total cellular RNA was isolated from peritoneal tissue by immersing the surface of peritoneum in Trizol reagent (Invitrogen) for 20 min and then extracting RNA according to the manufacturer's instructions. Quantitative real-time PCR analyses of RNA were performed using Mastercycler realplex2 (Eppendorf, Hauppauge, NY, USA).
Immunohistochemical and immunocytochemical analyses
Myofibroblasts were identified in tissue samples using a specific antibody against ␣ smooth muscle actin (␣SMA). Formalin-fixed, paraffin-embedded 5-m sections were incubated with anti-mouse ␣SMA monoclonal antibody (E184; Abcam, Cambridge, MA, USA) followed by an Envision kit (Dako, Carpinteria, CA, USA). CTGF-expressing cells were identified using anti-mouse CTGF polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA). ␣SMA ϩ and CTGF ϩ cells were visualized by incubating antibodystained sections with DAB (Dako). ␣-SMA ϩ cells were then counted in all fields of the submesothelial zone and expressed as the mean Ϯ se number per HPF. To identify proliferating fibroblasts, peritoneal sections from COLI-GFP mice were costained with anti-enhanced GFP (EGFP) monoclonal antibody (Cell Signaling, Danvers, MA, USA) and anti-mouse proliferating cell nuclear antigen (PCNA) monoclonal antibody (Abcam), using an M.O.M. kit (Vector Laboratories, Burlingame, CA, USA). Antibody-stained cells were visualized using Fluorescein avidin (Vector Laboratories) for EGFP and Texas-red avidin (Vector Laboratories) for PCNA. EGFP and PCNA single-positive cells, and EGFP-PCNA double-positive cells, were then counted in all fields of the submesothelial zone and expressed as the mean Ϯ se number per HPF.
Nuclear vs. cytoplasmic localization of MRTF-A and MRTF-B was assessed by immunocytochemical analyses performed on primary mesothelial cells (PMCs), isolated as described below. PMCs were fixed in 4% paraformaldehyde in PBS, followed by the permeabilization with 0.2% Triton X-100 in PBS. Some PMCs were stimulated with LPA prior to fixation, and some cells were additionally treated with 5 M Y27632 30 min before LPA stimulation. Following permeabilization, PMCs were incubated with anti-mouse MRTF-A polyclonal antibodies (Santa Cruz Biotechnology) or anti-mouse MRTF-B polyclonal antibodies (Santa Cruz Biotechnology), followed by Alexa-Fluor 488-conjugated secondary antibodies (Invitrogen). Five random fields of view were counted, and subcellular localization of MRTFs was scored as predominantly nuclear, evenly distributed, or predominantly cytoplasmic, as described previously (29) .
Western blot analyses
Whole cellular lysates from primary cells were extracted with RIPA buffer (Thermo Scientific, Waltham, MA, USA) according to the manufacturer's protocol. Samples of conditioned medium (CM) were centrifuged to remove cellular debris, and concentrated (15-fold) using Amicon Ultra 10,000 (Millipore, Billerica, MA, USA). Whole-tissue lysates were extracted from peritoneal samples by immersing the surface of peritoneal tissues in RIPA buffer (Thermo Scientific) for 20 min. Cellular and tissue lysates, and concentrated CM, were then separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes (Invitrogen). After incubation in blocking buffer containing 5% skim milk (Bio-Rad, Hercules, CA, USA), membranes were incubated overnight at 4°C with rabbit anti-mouse CTGF polyclonal antibodies (Thermo Scientific), rabbit anti-mouse G␣ 12 polyclonal antibodies (Santa Cruz Biotechnology), rabbit anti-mouse G␣ 13 polyclonal antibodies (Santa Cruz Biotechnology), rabbit anti-mouse MRTF-A polyclonal antibodies (Santa Cruz Biotechnology), rabbit anti-mouse MRTF-B polyclonal antibodies (Santa Cruz Biotechnology), rabbit anti-mouse SRF monoclonal antibody (Cell Signaling), rabbit anti-mouse Smad3 monoclonal antibody (Cell Signaling), rabbit anti-mouse phospho-Smad3 monoclonal antibody (Cell Signaling), or rabbit anti-mouse GAPDH monoclonal antibody (Cell Signaling). Following additional incubations of the membranes with appropriate biotinylated secondary antibodies, protein bands were detected with an enhanced chemiluminescent substrate (Thermo Scientific). Quantification was performed with Image J software (NIH, Bethesda, MD, USA). oral gavage to COLI-GFP mice 2ϫ/d on weekdays and 1ϫ/d on weekends. Control COLI-GFP mice received equal volumes of sterile water alone (vehicle) on the same schedule. AM095 or vehicle control was administered from the onset of CG challenge in a preventive regimen, or beginning 7 d after the onset of CG challenge in a therapeutic regimen.
The MRTF-SRF inhibitor CCG-1423 was dissolved in vehicle (30% DMSO/15% ethanol/PBS), and a dose of 1.5 or 3.0 mg/kg/mouse, or vehicle alone, was administered by intraperitoneal injection to C57Bl/6 mice. CCG-1423 dosages, or equal volumes of vehicle alone, were administered 1ϫ/d from the onset of CG challenge over a period of 21 d.
Isolation of primary mouse PMCs
Primary PMCs were isolated from mice by enzymatic digestion of the inner surface of the peritoneum, as described previously (30) , with minor modifications. Briefly, parietal peritoneal flaps were removed and stretched on a sterile culture dish. RPMI 1640 (Lonza) containing 25 g/ml Liberase (Roche, Basel, Switzerland) was placed on the peritoneal inner surface for 45 min at 37°C. After incubation, the surface of the digested peritoneum was gently scraped to complete the release of partially attached mesothelial cells. The cell pellet was collected by centrifugation and resuspended in growth medium composed of 10% FBS-containing DMEM. To identify the outgrowing cells as mesothelial cells, immunocytochemistry with anti-vimentin antibody (VIM13.2; Sigma-Aldrich) and anti-cytokeratin antibody (PCK-26; Sigma-Aldrich) was performed. More than 98% of these cells were positive for vimentin and cytokeratin, consistent with their being mesothelial cells (31) . In vitro experiments were performed on PMCs from second to fifth passages. 
RhoA activation assay
Quantification of RhoA activation in PMCs cultured in 100-mm dishes was performed using a commercially available kit (Cytoskeleton) according to the manufacturer's instructions.
siRNA transfections
In experiments using RNA interference, siRNAs targeting mouse MRTF-A, MRTF-B, SRF, and CTGF were On-Target Plus Smart Pools, siRNAs targeting G␣ 12 were an siGenome Smart Pool (all from Thermo Scientific), and siRNAs targeting G␣ 13 were from Santa Cruz Biotechnology. On-Target Plus nontargeting pool siRNAs were used as a nonspecific control. PMCs or fibroblasts were transfected with siRNAs by Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol and were incubated for 48 h prior to use in experiments.
Fibroblast proliferation assay
Cultured PMCs were transfected with either CTGF-targeting or control siRNA and then stimulated with 10 M LPA for 24 h. The CM was then aspirated, centrifuged to remove cellular debris, and applied to serum-deprived NIH3T3 fibroblasts. Fibroblasts in these experiments were also treated with CTGFtargeting siRNA, to prevent any LPA remaining in the CM from stimulating fibroblast CTGF production. Fibroblast proliferation after incubation for 48 h with PMC-CM was determined by BrdU assay (Roche), performed according to the manufacturer's protocol.
Statistical analyses
Data are expressed as means Ϯ se. Unpaired t tests were used for comparisons between 2 groups, and analysis of variance with post hoc Fisher's test was used for comparisons between Ͼ2 groups. Values of P Ͻ 0.05 were considered statistically significant.
RESULTS
Genetic deletion of LPA 1 protects mice from CG-induced peritoneal fibrosis LPA 1 -deficient (LPA 1 -KO) mice were dramatically protected from CG-induced peritoneal fibrosis. Masson's trichrome staining demonstrated that collagen deposition induced in WT mice by CG challenge was markedly reduced in LPA 1 -KO mice (Fig. 1A) . The degree of protection of LPA 1 -KO mice was quantified by measuring peritoneal thickness, hydroxyproline content, and mRNA levels of the ␣ 1 chain of type I procollagen (COLI␣ 1 ). The peritoneal thickness of LPA 1 -KO mice following CG challenge was significantly less than that of CG-challenged WT mice (55.3Ϯ4. (Fig. 1C) , and the increase in peritoneal expression of COLI␣ 1 mRNA was significantly reduced as well (Fig. 1D ). These data indicate that the LPA-LPA 1 pathway importantly contributes to the development of peritoneal fibrosis. 
Pharmacological inhibition of LPA 1 protects mice from CG-induced peritoneal fibrosis
We next determined whether CG-induced peritoneal fibrosis could be suppressed by administration of the LPA 1 -selective oral small molecule antagonist AM095 (kind gift of Amira Pharmaceuticals; sodium{4=-[3-methyl-4-((R)-1-phenyl-ethoxycarbonylamino)-isoxazol-5-yl]-biphenyl-4-yl}-acetate; ref. 5). AM095 was administered from CG challenge onset in a preventive regimen to LPA 1 -sufficient mice. Since fibrosis is already established by d 7 in the CG model (32), we examined the potential of LPA 1 inhibition to treat peritoneal fibrosis by administering AM095 beginning 7 d after CG challenge onset in a therapeutic regimen. To enable the analyses of fibroblast accumulation and proliferation described below, the LPA 1 -sufficient mice used in these experiments were COLI-GFP mice, in which fibroblasts can be identified by their transgenic expression of EGFP driven by the fibroblast-specific collagen type I, ␣ 1 promoter (27) . Mice treated with AM095 in the preventive regimen were dramatically protected from peritoneal fibrosis, as indicated by Masson's trichrome staining of peritoneal collagen (Fig. 1E) , measurements of peritoneal thickness (60.0Ϯ4.6 m in preventive A M 0 9 5 -treated mice vs. 108.5Ϯ4.8 m in vehicle-treated CGchallenged mice; Fig. 1F ), peritoneal hydroxyproline content (Fig. 1G) , and peritoneal COLI␣ 1 mRNA expression levels (Fig. 1H) . The increase in peritoneal hydroxyproline content observed in vehicle-treated CGchallenged mice was reduced by 52.9% in preventive AM095-treated mice. Delayed administration of AM095 in the therapeutic regimen also attenuated CG-induced peritoneal thickness, hydroxyproline content, and COLI␣ 1 expression (Fig. 1F-H for the LPA-LPA 1 pathway in the maintenance of pathological peritoneal fibrosis, suggesting that targeting this pathway may be an effective therapeutic strategy for peritoneal fibrosis.
CG-induced peritoneal ␣SMA
؉ myofibroblast accumulation is dependent on LPA 1 Myofibroblasts are prominent in areas of increased collagen deposition in fibrotic tissues and are thought to be key effector cells producing pathological extracellular matrix in fibrotic diseases (33) . We assessed the effect of LPA-LPA 1 signaling on the peritoneal accumulation of myofibroblasts, identified as ␣SMA-expressing cells by immunostaining. As demonstrated by the representative peritoneal sections in Fig. 2A , CG challenges induced a robust, mainly submesothelial accumulation of ␣SMA ϩ myofibroblasts. The increase in myofibroblasts induced in WT mice by CG challenge was markedly attenuated in LPA 1 -KO mice (97.8Ϯ3.7 vs. 38.2Ϯ3.4 cells/HPF, respectively; Fig. 2A, B) . The increase in peritoneal expression of ␣SMA mRNA induced by CG challenge was similarly reduced in LPA 1 -KO mice (Fig. 2C) , as well as in mice treated with AM095 in either preventive or therapeutic regimens. These findings indicate that LPA signaling through LPA 1 is required for ␣SMA ϩ myofibroblast accumulation during peritoneal fibrogenesis.
CG-induced peritoneal fibroblast accumulation and proliferation is dependent on LPA-LPA 1
Although recruitment of bone marrow-derived progenitors and transdifferentiation of other cells types may play important roles in increasing myofibroblast numbers during the development of fibrosis, recent evidence suggests that the proliferation of fibroblasts within injured tissues makes an essential contribution to myofibroblast accumulation (8) . We compared fibroblast proliferation induced by CG challenges in AM095-vs. vehicle-treated COLI-GFP mice. As demonstrated in the representative sections in Fig. 3A , CG challenges induced a marked peritoneal accumulation of GFP (Fig. 3D) . These data suggest that reduced fibroblast proliferation in the absence of LPA 1 signaling contributes to reduced peritoneal myofibroblast accumulation in LPA 1 -KO mice following CG challenges.
CG-induced CTGF expression requires LPA 1 , and is generated by peritoneal mesothelial cells
We hypothesized that LPA-LPA 1 signaling drives fibroblast proliferation after tissue injury in vivo at least in part by driving the expression of important fibroblast mitogens other than LPA, such as CTGF. We focused on CTGF for several reasons: CTGF stimulates fibroblast proliferation (17, 34) ; fibroblast-specific deletion of CTGF markedly attenuates myofibroblast accumulation in the bleomycin model of dermal fibrosis (18); CTGF has been implicated in the pathogenesis of peritoneal fibrosis in peritoneal dialysis patients (35) ; and CTGF has a CArG-like box in its promoter (15) , which would allow it to be induced by an LPA-LPA 1 -actin-MRTF-SRF pathway. CG challenges markedly induced peritoneal CTGF mRNA (Fig. 4A) and protein (Fig. 4B) expression, both of which were significantly attenuated in LPA 1 -KO mice. Peritoneal CTGF mRNA expression was also significantly suppressed by the LPA 1 antagonist AM095 administered in either preventive or therapeutic regimens (Fig. 4C) . These data indicate that LPA-LPA 1 signaling is required for the induction of CTGF expression during the development of peritoneal fibrosis. To determine the cellular sources of CTGF in this model, we identified CTGF ϩ cells by immunostaining. Robust CTGF staining was detected in the PMCs of CG-challenged WT mice, with reduced staining being detected in the PMCs of LPA 1 -KO mice (Fig. 4D) . Although some CTGF staining was also detected in cells in the expanded peritoneal interstitium of CG-challenged mice, the robust expression of CTGF by PMCs is consistent with accumulating evidence that these cells are a critically important source of profibrotic molecules, including cytokines, growth factors, and matrix proteins, in the pathogenesis of peritoneal fibrosis (36) .
LPA-LPA 1 signaling induces PMC CTGF expression, which induces fibroblast proliferation
To investigate the ability of LPA-LPA 1 signaling to directly induce PMC CTGF expression, we isolated primary mouse PMCs for in vitro studies. LPA induced robust CTGF mRNA expression in primary PMCs isolated from WT mice (WT-PMCs) in a time-and dosedependent manner (Fig. 5A, B) . Maximal CTGF mRNA induction was observed 2 h after stimulation with 10 M LPA. LPA similarly induced CTGF protein production by WT-PMCs, also in a time-and dose-dependent manner (Fig. 5C, D) . To determine which LPA receptors are responsible for LPA-induced CTGF expression by WT-PMCs, we first determined the LPA receptor expression profile of these cells. Of the 5 definitively identified LPA receptors, LPA 1 was the most highly expressed by WT-PMCs (LPA 1 ϾLPA 2 ϾLPA 3 ХLPA 4 Х LPA 5 ; Fig. 5E ). Primary mouse PMCs isolated from LPA 1 -KO mice (LPA 1 -KO PMCs) did not express LPA 1 as expected, and their LPA 1 deficiency did not cause compensatory changes in their expression of other LPA receptors (Fig. 5E ). LPA-induced CTGF mRNA expression was almost completely abrogated in LPA 1 -KO PMCs (Fig. 5F ), indicating that signaling through LPA 1 is predominantly responsible for CTGF induction by LPA.
To investigate the potential role of CTGF as a downstream mediator of LPA's ability to drive peritoneal fibroblast proliferation, we investigated the ability of medium conditioned by LPA-stimulated PMCs to induce fibroblast proliferation, and whether any of the proliferation induced was attributable to CTGF produced by PMCs in response to LPA-LPA 1 signaling. Medium conditioned by LPA-stimulated PMCs contained increased CTGF (Fig. 5G) and stimulated increased fibroblast proliferation (Fig. 5H) , compared with medium conditioned by unstimulated PMCs. CTGF content and fibroblast proliferative activity of medium conditioned by LPA-stimulated PMCs were simultaneously reduced when PMCs were transfected with siRNAs targeting CTGF, or when PMCs were isolated from LPA 1 -KO mice (Fig. 5G, H) . To prevent any LPA remaining in the CM from directly stimulating CTGF expression by the responding fibroblasts, the responding fibroblasts in these experiments were also transfected with siRNA targeting CTGF. Taken together, these data support the hypothesis that LPA-LPA 1 signaling promotes fibroblast proliferation during the development of peritoneal fibrosis by inducing CTGF expression by PMCs.
LPA-induced CTGF expression is independent of de novo protein synthesis and TGF-␤ activation
CTGF expression is highly induced by TGF-␤ (37) , and LPA has been demonstrated to induce activation of latent TGF-␤ by lung epithelial cells (38) and smooth muscle cells (39) . To investigate whether LPA-induced CTGF expression required de novo production of TGF-␤, or any other proteins in an autocrine fashion, we investigated whether this CTGF expression was sensitive to inhibition of protein synthesis with cycloheximide. As shown in Fig. 6A , cycloheximide treatment did not block LPA-induced CTGF mRNA expression by PMCs, actually resulting in CTGF "superinduction," i.e., augmented mRNA induction following agonist stimulation in the presence of translational blockers, such as cycloheximide (40) . LPA-induced CTGF expression in PMCs was therefore independent of new TGF-␤ or Normal rabbit IgG Anti pan-TGF-β Ab Figure 6 . Mesothelial CTGF expression induced by LPA-LPA 1 signaling is independent of de novo protein synthesis, latent TGF-␤ activation, and Smad signaling. A) Effect of cycloheximide (CHX) on LPA-induced CTGF expression. PMCs were preincubated with CHX (20 g/ml) or control medium for 2 h, and then stimulated with control medium or LPA (10 M) for an additional 2 h (nϭ3 cell preparations/group). B) Effect of TGF-␤ neutralization on LPA-induced CTGF expression. PMCs were exposed to LPA (10 M, for 2 h) or TGF-␤ 1 (1 ng/ml, for 4 h), with or without a pan-specific TGF-␤ neutralizing antibody (Ab, 10 g/ml; nϭ3 cell preparations/group). C) Ability of LPA vs. TGF-␤ to induce Smad phosphorylation. PMCs were incubated with LPA (10 M) or TGF-␤ 1 (5 ng/ml), and their lysates were assayed for phosphorylated Smad3 by Western blot. The experiment was performed in 2 independent series of PMC preparations. Data are expressed as mean Ϯ sem copies of CTGF mRNA relative to copies of ␤ 2 microglobulin mRNA. *P Ͻ 0.01, **P Ͻ 0.05. other protein production. Since TGF-␤ activity in vivo is primarily regulated by the post-translational conversion of latent TGF-␤ complexes to active TGF-␤ (41), we investigated whether LPA induced CTGF expression by activating latent TGF-␤. Treatment with pan-specific TGF-␤-neutralizing antibody had no effect on LPA-induced CTGF expression (Fig. 6B) , and LPA stimulation did not induce phosphorylation of Smad3 (Fig. 6C) . Taken together, these results suggest that PMC CTGF expression induced by the LPA-LPA 1 pathway is independent of TGF-␤ production, activation, or canonical Smad signaling.
LPA-induced CTGF expression is dependent on G␣ 12/13 , RhoA, ROCK, and actin polymerization LPA receptors couple to different classes of G proteins, including those containing G␣ 12/13 , G␣ i/o , or G␣ q ␣ subunits, to mediate the diverse activities of LPA (11) . Transfection of PMCs with siRNAs targeting either G␣ 12 or G␣ 13 demonstrated the involvement of G␣ 12/13 -containing G proteins in LPA-induced CTGF expression. The extent of siRNA-induced suppression of G␣ 12 or G␣ 13 expression in PMCs is shown Fig. 7A, B , and the ability of these siRNAs to significantly suppress LPAinduced PMC CTGF expression is shown in Fig. 7C . In contrast, pretreatment of PMCs with pertussis toxin, which inhibits G␣ i/o -containing G proteins, had no significant effect on LPA-induced CTGF expression (Fig. 7D) .
The effects of LPA receptor G-protein-coupled signaling on the actin cytoskeleton are mediated by Rho family of GTPases, including RhoA and Rac (11) . Whereas G␣ i/o G proteins typically mediate LPA-induced Rac activation, G␣ 12 Figure 7 . Mesothelial CTGF expression induced by LPA-LPA 1 signaling is dependent on G␣ 12/13 signaling, RhoA and ROCK activation, and actin polymerization. A, B) Validation of siRNA inhibition of G␣ 12 and G␣ 13 expression. PMCs were transfected with G␣ 12 , G␣ 13 , or control siRNA, and targeted G␣ subunit inhibition was determined at mRNA (A) and protein (B) levels. mRNA data are expressed as copies of G␣ 12 or G␣ 13 mRNA relative to copies of ␤ 2 microglobulin mRNA. C) Effects of G␣ 12 and/or G␣ 13 knockdown on LPA-induced CTGF expression, expressed as copies of CTGF mRNA relative to copies of ␤ 2 microglobulin mRNA. PMCs were transfected with control siRNA or G␣ 12 and/or G␣ 13 siRNA, and then stimulated with control medium or LPA (10 M; nϭ3 cell preparations/group). D) Effect of pertussis toxin (PTX) on LPA-induced CTGF expression, expressed as copies of CTGF mRNA relative to copies of ␤ 2 microglobulin mRNA. PMCs were preincubated with PTX (100 ng/ml) or control medium for 18 h, and then stimulated for 2 h with control medium or LPA (10 M). E) RhoA activation induced by LPA. Time course of active and total RhoA in PMCs following stimulation with LPA (10 M). F) Dependence of LPA-induced RhoA activation on LPA 1 and G␣ 12/13 . WT PMCs were transfected with siRNAs targeting G␣ 12 and G␣ 13 or with control siRNA, and LPA 1 -KO PMCs were transfected with control siRNA. Levels of active and total RhoA were then assayed 1 min after stimulation with control medium or LPA (10 M; nϭ2 cell preparations/group). G) Dependence of LPA-induced CTGF expression on RhoA, ROCK, and actin polymerization. PMCs were preincubated with no inhibitor, or with C3 toxin (C3; 2.0 g/ml for 10 h), Y27632 (Y; 5 M for 30 min) or latrunculin B (LB; 1 g/ml for 30 min). PMCs were then stimulated with LPA (10 M) or control medium for an additional 2 h. Data are expressed as copies of CTGF mRNA relative to copies of ␤ 2 microglobulin mRNA (nϭ3 cell preparations/group). Data are expressed as means Ϯ se. *P Ͻ 0.01.
we consequently hypothesized that LPA-induced CTGF expression would depend on RhoA. We found that LPA stimulation of WT-PMCs activated RhoA, with the greatest activation at early times (1 min) poststimulation (Fig. 7E) . LPA-induced RhoA activation was suppressed in LPA 1 -KO PMCs, and in WT-PMCs transfected with G␣ 12 and G␣ 13 siRNAs (Fig. 7F) , indicating that LPAinduced RhoA activation in PMCs is mediated by LPA 1 and G␣ 12/13 signaling. LPA-induced CTGF expression was significantly attenuated by treatment of PMCs with the RhoA inhibitor C3 toxin (Fig. 7G) , which reduced basal levels of CTGF mRNA in PMCs as well, indicating that LPA's ability to activate RhoA is required for its ability to induce CTGF expression. RhoA signaling induces focal adhesion formation, actin polymerization, and stress fiber formation by activating ROCKs. LPA-induced CTGF expression was significantly attenuated by treatment of PMCs with the nonselective ROCK inhibitor Y-27632, as well as by the actin polymerization inhibitor latrunculin B (Fig. 7G) . Both Y-27632 and latrunculin B reduced basal levels of CTGF mRNA in PMCs as well. Both of these inhibitors abrogated actin polymerization induced by LPA. Using phalloidin to visualize polymeric F-actin, LPA stimulation induced F-actin formation in PMCs as expected (Fig. 8A, B) , and this actin polymerization was completely inhibited by pretreatment with Y27632 or latrunculin B (Fig. 8C, D) . Taken together, these data indicate that LPA-LPA 1 -induced CTGF expression is mediated by a signaling pathway involving G␣ 12/13 , RhoA, ROCK, and actin polymerization.
LPA promotes the nuclear translocation of MRTF-A and MRTF-B
MRTF-A and MRTF-B have recently been identified as novel links between actin dynamics and gene expression (13) . The MRTFs form stable complexes with monomeric G-actin, resulting in their sequestration in the cytoplasm. Polymerization of G-actin into the F-actin filaments liberates MRTFs, which then translocate to the nucleus. In the nucleus, the MRTFs act as cofactors for SRF, augmenting the activity of this nuclear transcription factor (13) . We therefore hypothesized that the LPA-LPA 1 -G␣ 12/13 -RhoA-ROCK-actin signaling pathway induces gene expression by promoting the nuclear translocation of MRTF-A and MRTF-B. LPA stimulation of PMCs significantly decreased the percentage of cells with predominantly cytoplasmic localization of MRTF-A from 28.5 to 6.4%, and significantly increased the percentage of cells with predominantly nuclear MRTF-A from 44.3 to 86.6% (Fig. 9A, B) . Similarly, LPA stimulation of PMCs significantly decreased the percentage of cells with predominantly cytoplasmic MRTF-B from 60.4 to 33.5%, and significantly increased the number of cells with predominantly nuclear MRTF-B from 18.0 to 41.2% (Fig. 9C, D) . Consistent with LPA-induced MRTF nuclear translocation being mediated through the LPA 1 -G␣ 12/13 -RhoA-ROCK-actin pathway, PMC pretreatment with Y-27632 markedly blocked LPA-induced MRTF nuclear translocation, reducing the percentages of cells with predominantly nuclear MRTF-A and MRTF-B to below control levels (Fig. 9) . (Fig. 10D) . Taken together, these results suggest that the MRTF-SRF circuit of transcriptional regulation is also part of the signaling pathway through which LPA induces CTGF expression in PMCs.
LPA-induced CTGF expression in PMCs is dependent on MRTF-A, MRTF-B, and SRF
Transfection of PMCs with siRNAs targeting MRTF-
Pharmacological inhibition of the MRTF-activating pathway of SRF-dependent transcription attenuates peritoneal fibrosis
To determine the relevance of the MRTF-SRF-activating pathway to peritoneal fibrosis in vivo, we evaluated CCG-1423 in the CG-induced peritoneal fibrosis model. CCG-1423 treatment significantly suppressed CG-induced increases in peritoneal collagen staining, thickness, and hydroxyproline content observed in vehicletreated control mice (Fig. 11A-C) . The increases in peritoneal hydroxyproline content observed in vehicletreated CG-challenged mice were reduced by 52.6 and 57.9% in mice treated with CCG-1423 at 1.5 and 3.0 mg/kg dosages, respectively. CG-induced increases in peritoneal expression of CTGF and ␣SMA were also significantly reduced in CCG-1423-treated mice (Fig.  11D, E) . We also demonstrated inhibition of peritoneal expression of other known SRF target genes, including zyxin and vinculin, in CCG-1423-treated mice, providing evidence that CCG-1423 inhibits SRF-induced transcription in these in vivo experiments (Fig. 11F) . Taken together, these data implicate the MRTF-SRF-activating pathway in the pathogenesis of peritoneal fibrosis in vivo.
DISCUSSION
We found that LPA-LPA 1 signaling is required for the development of peritoneal fibrosis. Genetic deletion or pharmacological antagonism of LPA 1 protected mice from fibrosis produced by CG peritoneal injury. Disrupting the LPA-LPA 1 pathway dramatically reduced peritoneal CTGF expression, fibroblast proliferation, and peritoneal myofibroblast accumulation. LPA engagement of PMC LPA 1 induced CTGF expression, which accounted for the majority of the fibroblast proliferative activity produced by LPA-treated PMCs. LPA engagement of PMC LPA 1 induced CTGF expression through G␣ 12/13 signaling, RhoA and ROCK activation, actin polymerization, MRTF-A and MRTF-B nuclear translocation, and SRF-induced transcription. Pharmacological inhibition of MRTF-SRF-induced transcription reduced CTGF expression and peritoneal fibrosis in the CG model. We believe these data place LPA-LPA 1 signaling at the center of a profibrotic collaboration between mesothelial cells and fibroblasts in the development of peritoneal fibrosis (Fig. 12) , in which LPA drives mesothelial cell CTGF expression, and this mesothelial CTGF in turn drives fibroblast proliferation. We had previously found evidence that LPA 1 expressed by fibroblasts contributes to the recruitment of these cells during the development of pulmonary fibrosis (4). In contrast, we found that fibroblast LPA 1 expression is not required for the proliferation of these cells in response to lung injury. We found that most of the fibroblast migration induced by bronchoalveolar lavage (BAL) from mice in the bleomycin model of pulmonary fibrosis was lost when the responding fibroblasts were LPA 1 deficient. In contrast, we found no significant differences between the proliferative responses of WT and LPA 1 -deficient fibroblasts to BAL from bleomycin-challenged mice (4). Our current data in the CG model of peritoneal fibrosis suggests a noncell autonomous requirement of LPA 1 for fibroblast proliferation in vivo: LPA 1 expression by PMCs is required for their expression of CTGF, which induces fibroblast proliferation in a paracrine fashion. This proposed mesothelial cell-fibroblast profibrotic crosstalk is consistent with accumulating evidence that paracrine interactions between multiple cell types are central to the development of fibrosis (1) .
There have been prior indications that LPA may be an important regulator of CTGF expression. Similar to our findings in peritoneal fibrosis, CTGF expression has previously been demonstrated to be LPA dependent in a mouse model of pulmonary fibrosis induced by radiation (43) , and similar to our findings with PMCs, LPA has been shown to induce CTGF expression in mouse skeletal muscle cells (44) . The molecular pathways through which LPA induces CTGF may be cell type dependent, however. LPA-induced skeletal muscle CTGF expression required TGF-␤ receptor signaling and Smad 2/3 expression (44), whereas we found that treatment of PMCs with a pan-TGF-␤ neutralizing antibody had no effect on their CTGF expression induced by LPA. As we have described, this TGF-␤-independent pathway through which LPA induces CTGF in PMCs sequentially involves LPA 1 and G␣ 12/13 signaling, RhoA and ROCK activation, actin polymerization, MRTF-A and MRTF-B nuclear translocation, and SRF-induced transcription. Although the ability of LPA and RhoA to induce SRF-dependent transcriptional activation has also been reported (45) , to our knowledge the molecular connections between LPA-induced RhoA-mediated cytoskeletal rearrangements and SRF activation have not been previously described. Similarly, the importance of LPA-induced SRF activation to CTGFinduced fibroblast proliferation and the development of pathological fibrosis have not previously been appre- ciated. Our demonstration that pharmacological inhibition of the MRTF-SRF transcriptional activating pathway attenuated peritoneal CTGF expression and fibrosis in the CG model implicates this pathway in peritoneal fibrogenesis. The therapeutic potential of targeting the MRTF-SRF activating pathway for fibrotic diseases more broadly is underscored by recent studies with MRTF-A-deficient mice. These mice were dramatically protected from cardiac fibrosis produced by either myocardial infarction or angiotensin II infusion (46) . Of note, LPA signaling through LPA 1 has recently been reported to induce nuclear translocation of Yesassociated protein (YAP), a major downstream transcription factor of the Hippo pathway, through a signaling pathway that also involves G␣ 12/13 , RhoA, and the actin cytoskeleton (47) . It will be of great interest to describe the relative roles of SRF-vs. YAP-induced transcription in mediating the multiple effects of LPA-LPA 1 signaling. Involvement of G proteins containing G␣ 12/13 subunits in LPA-induced CTGF expression was demonstrated by significant inhibition of both LPA-induced RhoA activation and CTGF expression by siRNA knockdown of G␣ 12 and/or G␣ 13 . Neither the inhibition of RhoA activation nor CTGF expression by these siRNA knockdowns was complete, however, suggesting that other G proteins may be involved in the signaling pathway through which LPA induces CTGF expression. In addition to previously recognized RhoA activation by G␣ 12/13 -containing G proteins, G␣ q -containing G proteins have recently been demonstrated to activate RhoA through a phospholipase C-Ca 2ϩ pathway (48 -49) , raising the possibility that such G proteins could also contribute to LPA-induced CTGF expression. Involvement of both MRTF-A and MRTF-B in LPA-induced CTGF expression was also demonstrated by significant inhibition of this CTGF expression by siRNA knockdown of either MRTF-A or MRTF-B. Of note, inhibition of this CTGF expression by MRTF-B knockdown was greater than the inhibition produced by MRTF-A knockdown, despite MRTF-A knockdown being more efficient than that of MRTF-B. These data suggest that LPA-induced CTGF expression may be more dependent on MRTF-B than MRTF-A.
In addition to the CTGF expression that is induced by LPA in PMCs being able to drive fibroblast proliferation, fibroblasts themselves have also been reported to produce CTGF in response to LPA (50) , and this CTGF has been reported to drive fibroblast proliferation in an autocrine fashion (51) . Fibroblast proliferation initially driven by CTGF produced by PMCs in response to LPA therefore could be amplified by LPA-induced fibroblast CTGF expression. In addition to its capacity to induce fibroblast proliferation, CTGF directs other important profibrotic fibroblast behaviors such as myofibroblast differentiation and collagen synthesis (51) . We would expect LPA-induced CTGF to contribute to these behaviors as well, and decreased CTGF-induced myofibroblast differentiation may also have contributed to the dramatic reduction in peritoneal myofibroblast accumulation we observed in CG-challenged LPA 1 -KO mice.
Finally, our results add yet another tissue type to the growing list of tissues and organs in which fibrogenesis critically depends on the LPA-LPA 1 pathway. Including this study, data now implicate the LPA-LPA 1 pathway in the development of lung (4), skin (5), kidney (6, 52) , liver (53) , and peritoneal fibrosis, suggesting that this pathway is of fundamental importance in the pathogenesis of fibrotic diseases associated with tissue injury. The accumulating number of tissues for which fibrosis requires LPA-LPA 1 signaling suggests that inhibiting this pathway may be broadly beneficial in pathological fibrosis. Additionally, by defining a mechanistic link between the profibrotic activities of LPA and CTGF, we connect 2 important mediators that are currently being evaluated independently as therapeutic targets in patients with fibrotic diseases.
